Introduction
The deepest recorded dive depths for pinnipeds, cetaceans, and birds have been found in elephant seals (Mirounga angustirostris), sperm whales (Physeter catodon), and emperor penguins (Aptenodytesforsteri), respectively. DeLong and Stewart (1991), using recording devices, found that elephant seals can dive as deep as 1,529 m; sperm whales have been found entangled in deep-sea cables at depths of 1,140 m (Heezen 1957); while Kooyman et al. (1971) , using capillary depth gauges, found that emperor penguins dive to 265 m. When diving to these depths these animals must cope with extreme changes in hydrostatic pressure.
Hydrostatic pressure has been shown to have a pronounced effect on the biochemical function of enzymes and transport proteins in several shallowliving invertebrates and teleost fishes (see review by Siebenaller and Somero [1989] ). Hydrostatic pressure may perturb protein and membrane function through a number of mechanisms where changes in volume may be involved such as: (1) ligand binding affinity, (2) catalytic rates, (3) structural stability, and (4) membrane fluidity (Somero 1990 ). Such changes in membrane protein function have been suggested as a mechanism for a high-pressure nervous syndrome (MacDonald 1984). These changes can also lead to perturbations in metabolic rate via perturbations in rates of enzymatic catalysis, ion transport, and hormone, neurotransmitter, and neuromodulator binding (Siebenaller and Somero 1989 (Hochachka and Somero 1984) . Because pressure effects Km function in fishes, we decided to study the effects of pressure on the Km of NADH muscle M4 LDH in diving mammals and birds that experience significant changes in hydrostatic pressure as they dive.
Maintenance of M4 LDH function is particularly interesting because, as breath-hold divers, these vertebrates have been shown to accumulate significant concentrations of lactate during diving (see Kooyman 1989 for a review). The metabolism of lactate, therefore, is important in the maintenance of homeostasis in these organisms. Perturbations in LDH function associated with pressure changes could lead to significant changes in metabolic function at depth. Lactate dehydrogenase is a key enzyme in determining the capacity for anaerobic exercise in an animal because of its importance in locomotory muscle function. Changes in LDH function could result in changes in ability to capture prey, ability to escape predation, or overall metabolic rates. By examining the effects of pressure on the ratelimiting step of LDH function, affinity of NADH, the importance of pressure-induced perturbations in enzyme function in warm-blooded diving vertebrates should begin to emerge.
Material and Methods

Purification ofLDH
Purified rabbit M4 LDH was obtained from Sigma Chemical, Saint Louis. All tissue samples were taken from adult animals and stored at -30-C prior to analysis. Elephant seal muscle was taken from the latissimus dorsi, sperm whale muscle from the cervical region, and penguin muscle from the pectoralis. Purification of elephant seal, sperm whale, and emperor penguin LDH was modified from a procedure taken from Yancey and Somero (1978) . Tissue was prepared by grinding 1 vol tissue with 2-3 vol 50 mM potassium phosphate buffer, pH 6.8, and the homogenate centrifuged at 14,000 rpm for 30 minutes. A 1:1 ratio of 50 mM potassium phosphate, 1 M KCl buffer, pH 6.8, was added to the supernatant. For each microliter of supernatant, 0.07 mL of 0.15 mM NADH solution was added. The homogenate was then purified through oxamate-Sepharose affinity chromatography. The column was equilibrated with 50 mM potassium phosphate, 0.5 M KCl buffer, pH 6.8. The crude homogenate was added to the column, followed by 1 column volume of buffer containing 50 mM potassium phosphate, 250 mM KC1, and 200 im NADH, pH 6.8, to insure binding. A 50 mM potassium phosphate, 250 mM KC1, 2,000-2,500 kLM NAD' solution was added to elute only the M4 LDH isozyme. Fractions were collected and monitored for LDH activity. A final elution buffer consisting of 50 mM potassium phosphate, 250 mM KC1, pH 6.8 (no cofactor), was used to elute other isozymes of LDH. Isozyme purification was confirmed using native polyacrylamide gel electrophoresis and LDH activity stain.
Lactate Dehydrogenase Enzyme Activity Assay
All samples were assayed in 80 mM imidazole buffer, 100 mM KC1, 5 mM pyruvate at pH 7.0 at 370C. We used NADH concentrations of 120, 100, 80, 60, 30, and 15 kM to obtain the Km. Samples were assayed at either 101.3 kPa (1 atm) or 2.066 X 104 kPa (204 atm), with a Lambda 3B Perkin-Elmer spectrophotometer equipped with thermal regulation. A mineral oil pump was used to produce high pressure in a specially modified pressure chamber for assays. All assays were monitored at 340 nm at 370 C. Two determinations of Km were made for each species with Wilkenson nonlinear regression.
Results
Results of Km analysis are plotted in figure 1. In all warm-blooded vertebrates studied, there was no effect of pressure on the Km of NADH at 370 C. Michaelis constant values (Km -SD) for each species at the two pressures were as follows: rabbit 101.3 kPa (19.9 + 2.1), 2.066 X 104 kPa (18.0 + 1.7); emperor  penguin 101.3 kPa (34.2 -4.16), 2.066 X 104 kPa (34.2 + 8.5); elephant  seal 101.3 kPa (32.0 -6.1), 2.066 X 104 kPa (29.1 -1.9) ; sperm whale 101.3 kPa (29.2 + 9.8), 2.066 X 104 kPa (28.2 + 10.4).
Discussion
In all divers studied we found no significant effect of pressures up to 2.066 X 104 kPa at 370C on muscle M4 LDH Km of NADH. The pressure examined, 2.066 X 104 kPa (204 arm), was greater than that encountered by any of the study animals. This result is in contrast to fish, in which a twofold increase in the Km of NADH is seen for M4 LDHs of shallow-water fishes at 50C Two hypotheses may account for our observations: (1) because diving mammals and birds experience such wide changes in pressure, they may have evolved specialized enzyme systems that are insensitive to changes in pressure; and (2) diving mammals and birds have enzymes similar to nondivers, but these enzymes are insensitive to changes in pressure. Comparison with the rabbit at 370C would seem to indicate that the second hypothesis is more likely. We found that pressure had no effect on the Km of NADH in rabbit muscle M4 LDH, which was similar to our observation for the diving vertebrates. Thus, insensitivity appears to be a preadaptation for diving in birds and mammals.
A major difference between the fish and diving mammal and bird data is the temperature at which the enzymes normally function in vivo. The fish studied by Siebenaller and Somero (1979) are normally found at temperatures around 50C. In contrast, the body temperature of the animals we studied is maintained around 370C. Only small changes in habitat temperature are needed to result in evolutionary changes in the primary structure of enzymes (Hochachka and Somero 1984) . The LDH of warm-blooded vertebrates may have a less fluid structure that allows it to function at higher temperatures. Changes in the amino acid sequence of LDH necessary to maintain proper catalytic function at higher temperatures in warm-blooded animals may have also led to pressure insensitivity. Regardless of the mechanism it appears that, at least concerning the affinity of NADH in the M4 LDH, these warmblooded divers are preadapted and need no specialized adaptation in protein structure to cope with the pressures they experience routinely.
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